In order to understand the process of transcription termination by eukaryotic RNA polymerase II, the transcription termination region of the advenovirus 2 major late transcription unit was analysed in a transient transfection system. Previously, it had been demonstrated that the entire sequence from map units (m.u.) 97
INTRODUCTION
Specific DNA sequences that control the termination of transcription by RNA polymerase II are not well characterized. For the majority of eukaryotic genes studied to date, transcription appears to terminate in large regions of DNA, which may span hundreds of nucleotides (Hofer & Darnell, 1981 ; LeMeur et al., 1984; Hagenbuchle et al., 1984; Frayne et al., 1984; Amara et al., 1984) . A specific transcription terminator, with homology to a yeast termination signal, has been mapped in the human gastrin gene Baek et al., 1986) . Similar termination signals are not found in the majority of eukaryotic transcription units. Whether eukaryotes require specific transcription termination signals is far from dear. However, recent evidence has implicated transcription termination in the choice of polyadenylation sites for the Ig/~ heavy chain gene (Galli et al., 1987) . In addition, the phenomenon of transcriptional interference between two adjacent genes of a plasmid vector (Proudfoot, 1986 ) also suggests a role for transcription termination in the normal process of gene expression. Furthermore, the termination of transcription by RNA polymerase I is a highly specialized process involving repeated DNA binding sites and trans-acting factors (Grummt et al., 1985 (Grummt et al., , 1986 . Thus, it is unlikely that transcription termination is a random event, particularly when one considers the tight association between the DNA template and the RNA polymerase complex required to transcribe genes spanning 100 kb or more.
As a model system for studying RNA polymerase II transcription termination, we have used the well characterized major late transcription unit (MLT) of adenovirus type 2 (Ad2). At late times in infection, the MLT extends through five polyadenylation signals and terminates near the end of the linear genome (Fraser & Ziff, 1978; Fraser et al., 1979; Fraser & Hsu, 1980) . Previously, we have shown that the Ad2 sequences from map units (m.u.) 97.1 to 100 can terminate transcription when inserted into a chloramphenicol acetyltransferase (CAT) plasmid vector and that transcription termination is orientation-specific and does not require the presence of a functional polyadenylation site (Dressier & Fraser, 1987) . S1 nuclease protection assays showed that the amount of steady state CAT mRNA in constructs containing the t Present address: Max Planck Institute for Biophysical Chemistry, 3400 Goettingen, F.R.G. 0000-8735 © 1989 SGM terminating region were reduced by 10-fold. Run-on transcription experiments in isolated nuclei showed a 10-fold reduction of the RNA being synthesized beyond the Ad2 sequences (Dressier & Fraser, 1987 ). Thus we believe that these CAT vectors can be used as tools to study transcriptional termination by RNA polymerase II.
A more detailed analysis of the Ad2 MLT termination region is presented in this report. Experiments with Bal 31 deletion mutants and subclones of the termination region show the presence of multiple functional elements capable of inhibiting gene expression independently. Previous mapping data suggested that 1000 nucleotides were needed to terminate transcription but we show that 70 are sufficient. Furthermore, a DNA sequence analysis of the transcription termination region reveals a repeated A-rich motif. The data suggest that the A-rich DNA sequence motif is required for transcription termination in this system, although the possibility of secondary requirements cannot be ruled out.
METHODS
Plasmids. The plasmid pRSVCAT originally constructed by Gorman et al. (1982a) was used with their kind permission. In order to facilitate cloning into the Y untranslated region of the CAT mRNA, the unique HindIII site in the 5' leader sequences was removed by digestion with HindIII and subsequently filled in by the Klenow fragment of Escherichia coli DNA polymerase I. The plasmid was religated and a HindlII linker sequence was inserted into a unique HpaI site, approximately 70 bp from the polyadenylation signal. This new vector with the HindIII site moved from the CAT 5' leader region to the 3' untranslated region, was designated pRSVCAT2.
Plasmids were grown and propagated in E. coli strain HB101 as described by Maniatis et al. (1982) . Restriction enzymes were purchased from Bethesda Research Laboratories or Biolab and used according to the manufacturers' directions.
Construction ofBa131 deletion mutants. The plasmid pY was constructed from pRSVCAT2 by the addition of Ad2 sequences from m.u. 97-I to I00 as previously described (Dressier & Fraser, 1987) . To delete the Ad2 sequences in pY beginning at 97.1 m.u., it was partially digested with HindIII and the linear plasmid was isolated by agarose gel electrophoresis. A time course digestion was performed with Bal 31 (Boehringer Mannheim) and individual fractions were recut with BamHI. Fragments were isolated in the range from 100 to 1200 bp on 2.0~ agarose gels and ligated into BamHI/HpaI-digested pRSVCAT2. Deletions beginning at 100 m.u., in the vector pY, were constructed by digesting BamHI-cut pY with Bal 31. Time course fractions were then recut with SphI producing fragments in the range of 2000 to 3000 bp that were isolated on 1.0~ agarose gels and ligated to SphI/HpaI-digested pRSVCAT2. The deletion mutants were verified by restriction enzyme analysis and partial DNA sequencing.
DNA transfection and CA Tassays. Standard calcium phosphate precipitation techniques, initially developed by Graham & van der Eb (1973) and modified by Gorman et al. (1983) , were used to introduce plasmid DNAs into HeLa cell monolayers. Transfected cell extracts were assayed for CAT activity as described by Gorman et al. (1982b) . CAT activity was determined in milliunits (mU) per 106 cells by comparison to a standard dilution of CAT enzyme (Pharmacia P-L).
In order to correct for differences in transfection efficiency, the plasmid copy number was determined for each transfection. Low Mr episomal DNAs were isolated according to the method of Hirt (1967) , spot-blotted onto nitrocellulose (Thomas, 1980) and hybridized with a 32p-labelled nick-translated probe. By comparison to a standard dilution of plasmid DNA, the average copy number per cell could be determined. Thus, all CAT activity data was normalized to the plasmid copy number, as initially described by Alwine (1985) .
RESULTS

Sequential deletion of the Ad2 MLT termination region
The transcription termination region of the Ad2 MLT is outlined in Fig. 1 . The plasmid pY contains the sequence from m.u. 97.1 to 100 inserted into the 3' untranslated region of the CAT gene in the vector pRSVCAT2. As a point of reference, the nucleotides (nt) of the termination region were numbered from 1 to 1010 beginning at the first A of the HindIII site. In order to delineate the boundaries of the transcription termination region, the Ad2 sequences in the plasmid pY were deleted sequentially (using Bal 31) beginning at either nt 1 or nt 1010. The scheme for production of deletions is shown in Fig. 2 . The deletion mutants were transfected into HeLa cell monolayers, assayed for CAT activity and the average ptasmid copy number was determined by Hirt extraction and hybridization. Thus, CAT activities were normalized with respect to plasmid copy number to allow for variations in transfection efficiency. Table 1 presents CAT activity data from cells transfected with deletion mutants beginning at nt 1. The parental plasmid, p3', generates CAT activity approximately 10-fold less than the vector pRSVCAT2. Cells transfected with the plasmids pl to p6 do not show significantly higher CAT activities than the vector p3'. However, the plasmid p7, whose deletion extends to nt 900, does generate CAT activity comparable to that of the vector pRSVCAT2. Thus, it appears that the 3' boundary of the transcription termination region is located between nt 700 and 900.
The 5' boundary of the termination region was determined with deletion mutants beginning at nt 1010, as presented in Table 2 . Surprisingly, only one of the deletion mutants, plasmid p20, generated CAT activity levels comparable to that of the vector pRSVCAT2. The plasmid p20 contained only 10 nucleotides of the termination region, from nt 1 to 10. Thus, it appears that the 5' boundary of the termination region is located between nt 10 and 135.
Subclones of the termination region
Experiments with the two sets of deletion mutants suggest two functional domains in the termination region, one extending from nt 10 to 135 and another from nt 700 to 900. In order to address the significance of sequences between nt 135 and 700, subclones of the termination region were inserted into the 3' untranslated region of pRSVCAT2. As outlined in Fig. 3 , five plasmids were constructed containing sequences from nucleotides 1 to 280, 281 to 425, 426 to 687, 580 to 650 and 688 to 1010. Again, the vectors were transfected into HeLa cells and CAT activity was assayed as shown in surprising in the case of the plasmids p280 and p323 since they contain termination domains previously identified with the deletion mutants. However the data suggest that the other plasmids, p145, p70 and p262, also contain transcription termination elements.
Identification of a repeated DNA sequence motif in the termination region
Data obtained with the deletion mutants and with subclones of the termination region suggest that there are at least four functional elements capable of inhibiting CAT expression in transfected cells. Previous data have shown that the mechanism of CAT inhibition is transcription termination prior to the polyadenylation site (Dressier & Fraser, 1987) , resulting most probably in an unstable CAT mRNA (Zeevi et al., 1982) . The smallest subclone of the termination region that still inhibits CAT expression contains the sequence from nt 580 to 650. The entire sequence of the last 10~ of the Ad2 genome has previously been determined by Herisse et al. (1981) . In order to identify possible DNA sequence motifs repeated throughout the termination region, a homology matrix was obtained comparing the sequences from nt 580 to 650 to the entire sequence from nt 1 to 1010, as shown in (Frayne & Kellems, 1986) • t Nucleotide number starts at an XbaI site 600 bp downstream of the polyadenylation signal (Citron et al., 1984) • sequence motif exists, present twice in the sequence from nt 580 to 650 and at least 10 times in the sequence from nt 1 to 1010. Furthermore, the sequence is not found between nt 900 and nt 1010. Table 4 presents the A-rich repetitive motifs identified by the homology matrix analysis. The indicated nucleotide number is the position of the first nucleotide as assigned in Fig. 1 . Each sequence contains a run of six or seven A residues preceded by a C or a T. The sequences CCAC and CACC are also conserved among several of the repeated elements.
Interestingly, similar sequences containing CCAC can be found in the transcription termination region of the mouse dihydrofolate reductase (DHFR) (Frayne & Kellems, 1986) gene and the mouse #-major globin gene (Citron et al., 1984) . A-rich motifs containing CAGC are present in mouse DHFR and mouse #-globins. This sequence, CAGC, may be equivalent to the sequence CCAC found in the Ad2 MLT A-rich motifs. No significant secondary structures could be found in the entire transcription termination region. Data obtained with the recombinant expression vectors and deletion mutants indicate multiple functional elements capable of inhibiting CAT expression. The sequence analysis suggests that the repeated A-rich motifs play a role in the transcription termination process.
DISCUSSION
Despite the progress made in delineating the mechanisms for transcription initiation, RNA splicing and polyadenylation, the mechanism for transcription termination by RNA polymerase II remains unsolved. Previously, experiments designed to test the ability of DNA sequences downstream of the Ad2 MLT to terminate transcription in a transient transfection system have yielded two conclusions (Dressier & Fraser, 1987) . First, the Ad-2 sequences from m.u. 91-1 to 100 contain transcription termination signals. Second, these signals are active only in the same direction of transcription as the MLT and do not require the presence of a functional polyadenylation signal. The data presented in this report indicate that the transcription termination region, spanning m.u. 97-1 to 100, contains multiple functional elements and that these elements contain at least one A-rich motif.
The assay used for delineating the termination sequences is based on the ability of the deletion mutants to express the CAT gene in transfected ceils. Nuclear run-on experiments have shown that the entire termination region is functional in either the 5' leader or the 3' untranslated sequence (Dressier & Fraser, 1987) . The inhibition of CAT expression observed with the plasmid vector p3' is presumably due to the decreased RNA stability associated with nonpolyadenylated RNAs (Zeevi et al., 1982) . However, low levels of CAT activity, approximately 10-fold less, are observed when compared to the activity of the vector pRSVCAT2. This is probably due to limited translation of the unpolyadenylated CAT RNA. It is possible that upon deletion of a transcription termination element, transcription proceeds through the polyadenylation site (Frayne & Kellems, 1986 ) and a second element, such as that found in the human lymphokine gene GM-CSF (Shaw & Kamen, 1986) to generate an unstable mRNA. Although this possibility cannot be ruled out, it is unlikely that the deletion mutants pl to p6 and pl0 to p19 generate CAT mRNAs of near equal instability. Furthermore, insertions into the CAT transcription unit that do not have termination activity, such as the Ad2 sequences upstream of 97.1 m.u., do not significantly affect CAT mRNA or CAT protein levels.
Based on the CAT expression data obtained with the constructs, a minimum of four independent termination elements, located between nucleotides 10 and 135, 280 and 425, 580 and 650 and between nt 687 and 900, must be present in the termination region. A detailed DNA sequence analysis revealed the A-rich motif as the only repetitive sequence element in the entire termination region. Furthermore, no significant secondary structures could be deduced from the known sequence. Similar A-rich motifs have been identified in other transcription termination regions (Frayne & Kellems, 1986; Citron et al., 1984) . Nuclear RNA from Ad2-infected cells contains a major 3' end that adjoins nt 620 of the termination region. Thus the first A residue of the motif beginning at nt 619 is implicated as a potential termination site.
In the transient transfection system, only one termination element is required to inhibit CAT expression to the same levels observed with the entire termination region. Thus there is no clear relation between the number of termination elements and the efficiency of termination. If a cellular factor is required for transcription termination, as demonstrated for RNA polymerase I (Grummt et al., 1985 (Grummt et al., , 1986 , the high plasmid copy number per transfected cell may limit the availability of this factor. Alternatively, differential factor-binding affinity to individual termination elements could result in the preferred use of only one element when the entire region is present. Upon deletion of preferred elements, secondary termination sequence elements may act to inhibit expression to similar levels. However, the final analysis requires the identification of binding factors in nuclear extracts that accurately terminate transcription.
In summary, using the previously validated CAT vector termination system (Dressier & Fraser, 1987) , the transcription termination region of the Ad2 MLT has been shown to contain multiple elements capable of inhibiting gene expression in transfected cells. Seventy nucleotides are shown to be sufficient for terminating activity and DNA sequence analysis suggests that a highly repetitive A-rich motif potentially plays a role in the termination mechanism.
